Solar neutrinos and the solar model  by Ianni, Aldo
Physics of the Dark Universe 4 (2014) 44–49Contents lists available at ScienceDirect
Physics of the Dark Universe
journal homepage: www.elsevier.com/locate/dark
Solar neutrinos and the solar model
Aldo Ianni ∗
INFN LNGS, S.S. 17bis, Assergi (AQ), Italy
a r t i c l e i n f o
Keywords:
Solar neutrinos
Solar standard model
Helioseismology
Solar neutrino problem
Solar abundance problem
a b s t r a c t
This paper reviews solar neutrino observations interpreted in the context of the Solar StandardModel and
neutrino oscillations. Solar neutrinos have been detected since 1968. Early results showed a significant
discrepancy between measured solar neutrino rates and predictions. This fact has been known for 30
years as the ‘‘Solar Neutrino Problem’’. At present, this discrepancy can be understood in terms of
neutrino oscillations, including, in particular for solar neutrinos, matter effects. Today, solar neutrino
measurements offer a unique opportunity to probe the physics of the Sun. Recently, a more robust
determination of solar metal abundances has identified a discrepancy between helioseismology and
the so-called solar model standard calculations. This circumstance is known as the ‘‘Solar Abundance
Problem’’. A future measurement of CN-cycle neutrinos could test the initial conditions in the Sun. This
would help in solving this new problem which is of great interest in astrophysics. A specific example has
been developed to understand the feasibility of a CN-cycle neutrinos measurement in the next future.
© 2014 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
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The source of energy [1] in the Sun (as in all H burning stars)
makes electron neutrinos through the process:
4p → 4He+ 2e+ + 2νe + Q (1)
where Q = 26.73 MeV also accounts for positron annihilation.
Neutrinos in (1), when coming from the Sun, are named solar
neutrinos. The average energy of solar neutrinos is determined
to be ∼0.53 MeV and corresponds to 2% of the total energy pro-
duced. Hydrogen burning in the Sun works through the so-called
pp-chain (∼99%) and CN-cycle (∼1%). The experimental search for
solar neutrinos started in 1968 with the Homestake detector [2,3].
Homestake is a so-called radiochemical detector which could de-
tect solar neutrinos by extracting neutrino-induced radioactive ar-
gon produced over an exposure time of the order of one month.
The radioactivity counting of argon decays allowed to determine
the neutrino flux. The integrated flux measured above 0.814 MeV
was 1/3 smaller than the flux expected.1 This result, known as the
missing solar neutrinos problem, had two possible explanations at
that time, namely an astrophysics or neutrino physics solution. Af-
ter more than 40 years we know that indeed a neutrino physics
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the framework of neutrino oscillations, including the matter en-
hancement effect [5]. At present, neutrino oscillations are firmly
established and this phenomenon can be used to search for sub-
leading effects in the neutrino propagation in the interior of the
Sun. Therefore, solar neutrinos are a unique probe for understand-
ing the physics at the center of the Sun and its energy source. In
this context the Sun can be used to calibrate stellar models and ex-
plore neutrino physics and probe refractive effects due to neutrino
interactions in matter.
The first real time experiment to search for solar neutrinos was
Kamiokande (Kamioka Nucleon Decay Experiment) [6], which was
built in 1982–1983 in the Kamioka mine in Japan. Kamiokande
is a large water Cherenkov detector originally built to search for
proton decay and later upgraded to Kamiokande II/III, improving
the water radio-purity and the electronics timing. Kamiokande
II/III was operated with 3000 tons of pure water and 680 tons
of fiducial mass. Solar neutrinos were detected through the neu-
trino–electron elastic scattering above a threshold of 9 MeV, later
reduced to 7.5 and 7.0 MeV. A second generation of experiments
came later with Super-Kamiokande [7], SAGE (Soviet–American
Gallium Experiment) [8,9], GALLEX (Gallium Neutrino Observa-
tory) [10], SNO (Sudbury Neutrino Observatory) [11] and Borex-
ino [12,13]. Borexino has been the last detector to start operating
in 2007. At present only Super-Kamiokande, Borexino and SAGE
are still observing solar neutrinos.
The Standard Solar Model (SSM) is the framework from which
it is possible to make predictions on the production of solar
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
A. Ianni / Physics of the Dark Universe 4 (2014) 44–49 45Fig. 1. Solar neutrino spectrum. Different sources and theoretical uncertainties
are reported. The vertical solid and dashed lines correspond to mono-energetic
neutrino sources and are given in units of cm−2 s−1 . Fluxes are normalized to the
high-Z solar model, see text for details.
neutrinos. The SSM describes the evolution of the Sun from the be-
ginning of thermonuclear reactions to the present time. The SSM
takes one solar mass, makes use of a number of assumptions and
simulates the evolution up to the present age of the Sun, τ⊙ =
4.57 Gyr. In particular, the assumptions include: 1. hydrostatic
equilibrium; 2. spherical symmetry (no rotation); 3. energy gen-
eration by H burning; 4. energy transport by radiation and con-
vection; 5. homogeneous zero-age sun with initial mass fractions
of hydrogen, Xin, helium, Yin and metals for heavier elements, Zin
(Xin + Yin + Zin = 1) [14]. This latter hypothesis implies that the
initial metallicity, i.e. the abundance of elements heavier than he-
lium, approximately is equal to the present surfacemetallicity, cor-
rected for the effect of diffusion. This key assumption is based on
the idea that in the early pre-main-sequence phase of the Sun con-
vection produced a homogeneous structure and the subsequent
evolution has not significantly altered the distribution of metals
which are not affected by energy production. As a consequence the
primordial coremetal abundance can be taken from today’s surface
metal abundance. In practice, a SSM is constructed iteratively start-
ing from the initial helium, Yin, and metals, Zin, abundances and a
so-called mixing length parameter of convection until boundary
conditions are matched at τ⊙. Boundary conditions for the proper
evolution of the model are: the solar radius, R⊙, the solar lumi-
nosity, L⊙, the ratio between the metals and hydrogen mass frac-
tions on surface, (Z/X)surf . The SSM output gives, in particular, the
neutrino fluxes and the neutrino production regions as a function
of the solar radius, the depth of the convective zone, RCZ , the sur-
face helium abundance, Ysurf , the density and sound speed profiles.
The initial chemical composition, in particular for metals, in the
SSM is determined fromsurface compositions inferred fromphoto-
spheric and meteoritic abundances. The observed electromagnetic
spectrum from the solar surface has been traditionally described
with 1D semi-empirical photospheric model. Recently, a 3D time-
dependent, radiative-hydrodynamical simulation of the outer
layers of the convective zone, including the photosphere, has been
developed [18]. Metals abundances obtained with the 3D model
and a demanding selection of spectral lines are a factor of two
smaller than those from previous calculations. The 3D model de-
scribes much better the granulation of the surface, the width and
shift of lines and asymmetries. Depending on the metal initial
abundances used we distinguish between a so-called high metal-
licity (high-Z) and a lowmetallicity (low-Z) SSM. The impact of the
more robust 3D model on the SSM turns to a negative change of
CN-cycle solar neutrino fluxes of up to about 30%. In particular, theCN (13N and 15O only) total flux in the high-Z (also referred to as
GS98) framework is predicted to be (5.19± 0.72)× 108 cm−2 s−1,
while for low-Z (also referred to as AGSS09) is (3.73 ± 0.52) ×
108 cm−2 s−1.
In Fig. 1 the flux of SSM solar neutrinos at the Earth is shown.
In this figure fluxes are taken from [15]. This figure shows the
different neutrino sources: pp, p+p → d+ e++ νe; pep, p+ e−+
p → d+ νe; 7Be, 7Be+ e− → 7Li+ νe; 8B, 8B→ 8Be∗ + e+ + νe;
hep, 3He + p → 4He + e+ + νe; 13N, 13N → 13C + e+ + νe; 15O,
15O → 15N + e+ + νe; 17F, 17F → 17O + e+ + νe. In particular,
we underline the largest flux from low energy pp neutrinos,
the mono-energetic 7Be and pep neutrinos, the high energy 8B
neutrinos and the CN-cycle neutrinos, which are produced by the
radioactive decays of 13N, 15O and 17F. The integrated flux is equal
to 65.47×109 cm−2 s−1. Fluxes in Fig. 1 are derived using chemical
compositions from [16]. This prediction corresponds to the high-
Z SSM to be compared with the different prediction of the low-Z
SSM [17]. In the low-Z model the total neutrino flux is determined
to be 65.39× 109 cm−2 s−1, about 0.1% smaller than in the high-Z
model, this because only about 1% of solar neutrinos comes from
the CN-cycle. On the contrary, the total CN-cycle neutrino flux is
reduced by about 30% from the high-Z to the low-Z model.
Helioseismology, namely the study of solar oscillations, excited
by near-surface convection, provides a unique information on solar
convection and solar interior. As an example the helioseismology
determines RCZ/R⊙ = 0.713 ± 0.001 and Ysurf = 0.2485 ±
0.0034. These measurements can be compared with the output
of the SSM. This comparison is a crucial diagnostic of the SSM
and it is shown in Fig. 2, where the solid line 1 and 3σ contours
correspond to the data and the dashed lines show the high-Z
(upper ellipses) and the low-Z predictions. Fig. 2 clearly shows a
strong disagreement of the low-Z model with the observations.
This circumstance is known as the Solar Abundance Problem. The
smaller metal composition in low-Z model with respect to the
high-Z model alters the opacity and defines the temperature
gradient in the radiative zone, as a consequence the central
temperature (reduced by about 1%) and the location of RCZ change.
The high-Z model performs much better than the low-Z model,
as far as the helioseismology results are taken into account, in
spite of the fact that the low-Z model is considered to make use
of the right metals abundances. The solar abundance problem
represents the incompatibility between the most accurate model
of the solar atmosphere with the description of the solar interior
in the framework of the SSM. Some of the neutrino fluxes are
extremely sensitive to the central temperature [19]. Therefore, a
small change in this parameter, due to a change in the chemical
composition, turns to a large variation in some of the neutrino
fluxes. Therefore, solar neutrinos can be used to understand this
astrophysical paradigm.
2. Observations of solar neutrinos
In Table 1 a summary of the solar neutrino experiments is
provided. In Table 2 the main measurements are reported.
Fig. 3 reports solar neutrino observations from Table 2 against
predictions using the high-Z SSM. In this figure for experiments
using gallium, for Homestake and Super-Kamiokande average
energies above threshold are used. This figure clearly shows the
meaning of themissing neutrino problem: purely Charged-Current
(CC) measurements such as those in GALLEX/GNO/SAGE and
Homestake are sensitive to only νe and due to neutrino oscillations
only a fraction of the produced flux is detected; Elastic Scattering
(ES) measurements (Borexino and Super-Kamiokande) are mainly
sensitive to νe CC interactions and only partially sensitive to
Neutral-Current (NC) interactions with a reduced cross section;
on the contrary the NC detection channel in SNO (νx + d → νx
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Solar neutrino experiments.
Detector Active mass Threshold (MeV) Data taking
Homestake 615 tons 0.814 1968–1994
C2Cl4
Kamiokande II/III 3 kton 9/7.5/7.0 1986–1995
H2O
SAGE 50 tons 0.233 1990–present
molten metal Ga
GALLEX 30.3 tons 0.233 1991–1997
GNO GaCl3–HCl 1998–2003
Super-Kamiokande 50 ktons 5 1996–2001
H2O 7 2003–2005
4.5 2006–2008
3.5 2008–present
SNO 1 kton 3.5 1999–2006
D2O
Borexino 300 tons 0.2 2007–present
C9H12Table 2
Solar neutrino measurements. 1 SNU = 10−36 captures/target nucleus/nuclei. cpd= counts/day.
Experiment Source contributing to data Data
Homestake (SNU) 7Be(13.1%)+ pep(2.7%)+ CN-cycle(2.4%)+ 8B(81.8%) 2.56± 0.16± 0.16
GALLEX/GNO/SAGE (SNU) pp(55%)+ 7Be(28.3%)+ pep(2.3%)+ CN-cycle(3.4%)+ 8B(11%) 66.1± 3.1
Kamiokande II/III 8B φνe = 2.80± 0.38
Super-Kamiokande φνe = 2.35± 0.08
(I, II, III, IV) φνe = 2.38± 0.08
(×106 cm−2 s−1) φνe = 2.38± 0.16
φνe = 2.39± 0.06
φνe = 2.34± 0.05
SNO (×106 cm−2 s−1) 8B φB = 5.25± 0.16+0.11−0.13
φCC = 1.67± 0.07
φNC = 5.14± 0.16+0.13−0.12
Borexino 7Be(0.862 MeV) 46± 1.5± 1.6
(cpd/100 tons) pep 3.1± 0.6± 0.3
8B(>3 MeV) 0.22± 0.04± 0.01
CNO <7.9(95% CL)Fig. 2. Comparison of observed quantities from helioseismology data (solid lines)
with respect to the high-Z (dashed lines) and low-Z (dotted lines) Solar Standard
Models. 1 and 3σ contours are shown.
+p+n) can receive contribution fromall flavors. In this context the
SNO NC measurement is a direct model independent observation
of the 8B solar neutrino flux. Fig. 4 shows the combined resultsFig. 3. Solar neutrino observations against predictions.
from ES in Super-Kamiokande (dashed lines) and CC, ES and NC
in SNO from Table 2. This figure shows the robust measurement
of νµ,τ flux due to neutrino oscillations at work [5]. We should
underline that the combination of only CC SNO measurement
and Super-Kamiokande gave the first evidence of flavor change
in dealing with solar neutrinos. Considering Super-Kamiokande
and SNO which are sensitive to 8B neutrinos (with a small 10−3
A. Ianni / Physics of the Dark Universe 4 (2014) 44–49 47Fig. 4. Solar neutrinos flavor change observed by Super-Kamiokande ES detection
channel (dashed lines) and SNO CC, ES and NC detection channels (colored
contours). Colored contours corresponds to 1, 2 and 3σ . Solid line contour
corresponds to the combined 1σ result. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
contribution from hep neutrinos) it is possible to determine the
flux and the survival probability, Pee, of solar νe at the Earth. The
following equations can be written:
φSKES = φB[⟨Pee⟩ + ρ(1− ⟨Pee⟩)]
= (2.36± 0.03)× 106 cm−2 s−1
φSNOCC = φB⟨Pee⟩ = (1.67± 0.07)× 106 cm−2 s−1
φSNOCC = φB = (5.25± 0.16+0.13−0.12)× 106 cm−2 s−1
(2)
where ρ is the ratio between σx and σe folded on the neutrino
spectrum and ⟨Pee⟩ is an average, on the neutrino spectrum,
survival probability for νe. From data in Table 2 it turns out that:
φB = (5.39 ± 0.18) × 106 cm−2 s−1 and PBee = 0.320+0.018−0.017 ≈
sin2 θ12, being θ12 the mixing angle [5]. Super-Kamiokande and
SNO provide a ∼3% determination of the 8B solar neutrino flux,
a ∼6% determination of the survival probability at about 10 MeV
which turns out to be less than 1/2, a precise determination of the
θ12 mixing angle and ameasurement of the day–night effect [5,20].
The day–night effect is the regeneration of νe during night time due
to neutrinos traveling through the Earth (matter effect). Borexino
measurements in Table 2, using equations similar to the first in (2),
can provide values for φBe = (4.99 ± 0.24) × 109 cm−2 s−1 and
φpep = (1.63 ± 0.35) × 108 cm−2 s−1, for PBeee = 0.59+0.08−0.07 and
Ppepee = 0.60± 0.18 using the low-Z model. For GALLEX/GNO/SAGE
and Homestake the following equations can be written:
Rj=Cl =

i=Be,pep,CNO,B
Rijfi = 2.56± 0.23 SNU
Rj=Ga =

i=pp,Be,pep,CNO,B
Rijfi = 66.1± 3.1 SNU
Rij = Aj
 Emax,iν
0
σj(Eν)φi(Eν)Pee(Eν; i)dEν
(3)
where fi is the ith solar neutrino flux normalized to the SSM
prediction and Aj a normalization factor. The combination of
all solar neutrino experiments allows to determine the survival
probability for pp neutrinos detected by the gallium experiments.
In Fig. 5 the results on Pee are shown together with the predictionFig. 5. Survival probability for solar νe using the low-Z SSM. The LMA-MSW
prediction [5] corresponds to 1σ band.
based on the neutrino oscillations global best-fit [21]. The 1σ
band takes into account the uncertainties on the neutrino mixing
parameters. It is worth mentioning that the up-turn of the Pee at
about 3 MeV is due to the transition between the vacuum (at low
energy) and matter regime for solar neutrino oscillations. Non-
standard neutrino interactions can significantly change the shape
of the Pee at the up-turn [5,22,23].
The energy balance in the Sun is referred to as the Luminosity
Constraint [1,24]. This relates the luminosity of the Sun, L⊙ with
the neutrino fluxes. In particular, for the low-Z model it turns out
that: 1 = 0.927fpp + 0.067fBe + 0.005fCNO + O(10−3). It is of great
interest to probe this energy balance constraintwith solar neutrino
measurements. Using data in Table 2 it is possible to determine:
φpp = (6.14±0.61)×1010 cm−2 s−1, φCNO < 6.8×108 cm−2 s−1
(95% CL) and Lν/L⊙ = 1.00±0.10. Using the luminosity constraint
the determination of φpp improves significantly. In Table 3 a
summary of present solar neutrino observations is reported.
3. Future possibilities
In this section a number of considerations on future solar neu-
trino measurements interpreted in the context of the SSM will
be done. As far as solar neutrino observations are concerned in
the next future more data will be collected by Super-Kamiokande,
SAGE and Borexino. A new project could be added to this list,
SNO+, which is expected to start taking data in 2015 [25] with a
target mass of about 800 tons of liquid scintillator. SAGE will con-
tinue to detect low energy neutrinos in CC; Super-Kamiokandewill
improve the 8B solar neutrino and day–night effect measurement;
will try to provide a spectral measurement of 8B neutrinos close to
the up-turn of the survival probability. This latter measurement is
of particular interest for non-standard neutrino interaction search.
At present, in Borexino the precision measurement of 7Be neutri-
nos at 5% level is limited by a systematic uncertainty of 3% and 2%
on the energy scale and on the fit method, respectively. The latter,
in particular, depends on the 85Kr and 210Bi background rates. Due
to improved background levels in Borexino the total systematics
uncertainty can be reduced and a measurement at 3% level looks
feasible. Similarly, the accuracy of the pep and the CN-cycle neu-
trinomeasurements depends strongly on the 210Bi background. An
overall lower level of background achieved after new purifications
opens the possibility to improve the present results on pep and
CN-cycle neutrino measurements. Moreover, Borexino is clearly
sensitive to pp neutrinos in real time and could perform this fun-
damental observation.
The main goal of SNO+ is the search of neutrino less double
beta decay with 130Te, however a possible solar neutrino program
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Solar neutrino fluxes: best-fit results against predictions. The p-value reported corresponds to a
χ2 best-fit between model and measurements. Best-fit results for pp are determined with and
without the luminosity constraint.
Source High-Z Low-Z Best-fit
pp(×1010 cm−2 s−1) 5.98(1± 0.006) 6.03(1± 0.006) 6.02(1+0.002−0.01 )
6.14(1± 0.10)
pep(×108 cm−2 s−1) 1.44(1± 0.012) 1.47(1± 0.012) 1.63(1± 0.21)
7Be(×109 cm−2 s−1) 5.00(1± 0.07) 4.56(1± 0.07) 4.99(1± 0.05)
8B(×106 cm−2 s−1) 5.58(1± 0.13) 4.59(1± 0.13) 5.39(1± 0.03)
CN-cycle(×108 cm−2 s−1) 5.25(1± 0.14) 3.76(1± 0.14) <6.8(95%)
p-value 0.91 0.77
Be, B, pepis foreseen to detect low energy 8B neutrinos and the CN-cycle
neutrinos. SNO+ at SNOlab, being deeper than Borexino at Gran
Sasso, could have more sensitivity to CN-cycle neutrinos due to a
reduced cosmogenic 11C background [25,26]. As a matter of fact
in organic scintillators cosmic muons produce 11C nuclei which
decay β+ with a half-life of 20 min and a Q -value energy of about
2 MeV. The 11C spectrum is the main source of background in
the [1, 2] MeV energy range. This is the energy interval where
to search for pep and CN-cycle neutrinos. In Fig. 7 a spectrum of
solar neutrinos detected by ES in a massive scintillator such as
Borexino is shown. This spectrum can be drawn on the basis of
the measurements performed by Borexino at Gran Sasso [27,28].
This figure should be considered as an example to discuss how
massive liquid scintillators could improve the present knowledge
on solar neutrinos and solar physics. The spectrum corresponds to
e-like events in 100 tons of PC (C9H12) due to solar neutrinos, 210Bi
(dotted line), β spectrum with end-point at 1.162 MeV, and 11C
backgrounds. The solar neutrino spectrum shows the Compton-
like edge of 7Be neutrinos at 0.665 MeV and that of pep neutrinos
at 1.225 MeV. The CN-cycle neutrinos are shown with a solid line
which ends at about 1.5MeV. The background of 210Bi is fixed at 20
cpd/100 tons. Three cases are reported for the 11C background: 1.
no suppression at the depth of Gran Sasso (about 28 cpd/100 tons);
2. reduced rate at Gran Sasso depth due to a three-fold coincidence
tagging already exploited successfully in Borexino [28]; 3. reduced
rate at SNOlab depth. Clearly, the high purity reached in Borexino
and the depth of SNOlab make SNO+ an ideal detector for pep and
CN-cycle neutrino measurements.
In the next future it would be extremely valuable to measure
the CN-cycle neutrinos from the Sun [29,30]. Present results from
Table 3 do not allow to disentangle between the high-Z and low-Z
models regardless of the small uncertainties in the experimental
results. This is shown in Fig. 6 using 7Be and 8B observations. At
present it seems that only a measurement of CN-cycle neutrinos
could allow to accomplish this important determination. As it has
been pointed out in [29] the 13N and 15O fluxes have a linear
dependence on C+N abundance and the difference between CN
fluxes in the high-Z and low-Z models has a small dependence on
the core temperature which is affected by the metals composition.
This makes the CN-cycle neutrinos very important for solving the
solar abundance problem. In particular, this measurement could
probe the solar metallicity to be compared with the photospheric
determination; could probe a main assumption of the SSM,
namely use the primordial metal core abundances from the ones
determined on the surface at the present time; could test our
present understanding of heavier main-sequence stars, where
the CN-cycle is the dominant energy source; could constrain the
metal accretion during a pre-main sequence solar phase [31,32].
A 10%(7%) determination of 15O neutrinos will allow to measure
the C+N abundance at 15%(10%) level [29]. Sensitivity to CN-cycle
neutrinos in a real time ES measurement can be achieved with
a spectral fit in the region [1, 1.5] MeV for the visible energy.Fig. 6. 7Be and 8B measurements against the high-Z SSM (upper right dashed
line ellipse) and low-Z SSM (lower left dashed line ellipse). For high-Z SSM p-
value= 0.88 and for low-Z SSM p-value= 0.54.
Fig. 7 can be used to understand how difficult is a CN neutrinos
measurement from a spectral fit. We have made such a study and
reported the results in the following. A three-year experiment at
SNOlab with a target mass of 300 tons allows to determine the
CN-cycle neutrino rate at 10% level; a five-year experiment at Gran
Sassowith Borexino allows to perform ameasurement at 25% level.
These results have been obtained from a spectral fit, drawing a
sample of data from Fig. 7. In the fit the rates of CN-cycle, pep and
210Bi are free parameters. A penalty term has been used for the
pep rate based on the SSM. This example shows how critical is the
11C background. However, a reduction of the 210Bi background at 5
cpd/100 tons improves the sensitivity in Borexino at 16% level.
On a different perspective a better determination of so-
lar neutrino fluxes allows to establish SSM parameters [33,29].
The most unknown parameters are: diffusion parameter (15%),
S34 (5.2%) and S17 (7.7%). These latter quantities are known as
S-factors [1] and are related to nuclear reactions cross sections:
S34 to 3He(4He, γ )7Be and S17 to 7Be(p, γ )8B. As an example, with
present solar neutrino data S17 can be determined at 12% level. Im-
proving the 7Be accuracy at 3%, S17 could be determined at 8% only
from solar neutrino observations.
In conclusion after about half a century since the first solar neu-
trino observation, which led to the missing neutrino problem, we
have achieved a number of fundamental results: a precise deter-
mination of the θ12 mixing angle [5]; evidence of matter effects in
the neutrino oscillations; a clear indication of the pp-chain hydro-
gen burning; neutrino fluxes from 8B, 7Be, pep and indirectly from
A. Ianni / Physics of the Dark Universe 4 (2014) 44–49 49Fig. 7. Solar neutrino and background spectra in a liquid scintillator. The 11C
spectrum at Gran Sasso and SNOlab is shown. See text for details.
pp; a stringent bound on CN-cycle neutrinos; a determination of
the neutrino luminosity at 10% level. Besides these positive results
we have detected a new fact to be investigated and understood in
the near future, namely the solar abundance problem. More data
on solar neutrinos, in particular, as we have shown, on CN-cycle
neutrino, could clearly improve our knowledge of the physics of
the Sun and of neutrinos.
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